Watershed inventories and population monitoring are essential components of efforts to conserve and recover freshwater mussel diversity in Canada. We used two datasets to assess the efficacy of a quadrat-based sampling protocol for: (1) detecting mussel species at risk; (2) characterizing species composition; (3) providing accurate estimates of abundance; and (4) detecting changes in density. The protocol is based on a systematic design (with random starts) that samples 20% of monitoring sites with visual-tactile surface searches and excavation of 1 m 2 quadrats. The first dataset included 40 sampling sites in five Ontario rivers, and the second dataset consisted of complete census sampling at two 375 m 2 sites that represented contrasting mussel assemblages. Our results show that the protocol can be expected to detect the majority of species present at a site and provide accurate and precise estimates of total mussel density. Excavation was essential for detection of small individuals and to accurately estimate abundance. However, the protocol was of limited usefulness for reliable detection of most species at risk. Furthermore, imprecise density estimates precluded detection of all but the most extreme changes in density of most individual species. Meeting monitoring objectives will require either substantially greater sampling effort under the current protocol, or a fundamental revision of the sampling approach.
Introduction
Freshwater mussels are considered one of the most imperiled faunal groups in North America [1] . In Canada, there are 55 native freshwater mussel species, with 41 of those occurring in the province of Ontario [2] . Almost a third of Ontario mussel species are listed as Endangered, Threatened, or of Special Concern under the federal Species at Risk Act and the provincial Endangered Species Act [3, 4] . Catastrophic declines to the Ontario mussel fauna occurred after the introduction (and subsequent spread) of non-native dreissenid mussels (Zebra Mussel, Dreissena polymorpha; and Quagga Mussel, D. bugensis) to the Laurentian Great Lakes [5] . In contrast, most Ontario rivers are not heavily infested by dreissenids and the historical mussel diversity is largely intact [6, 7] . Recovery strategies have been developed to conserve remnant mussel diversity [8, 9] . Actions undertaken include surveys and the establishment of population index monitoring stations in rivers. Data collected through these activities are essential for delineating protected habitat, assessing population status and trends, and evaluating recovery actions [10, 11] .
Since 2002, the Ontario Freshwater Mussel Recovery Team (OFMRT) has implemented a quadrat-based protocol to assess the current status, distribution, and demographics of mussel species species at risk (SAR) in Ontario rivers. The protocol is based on a systematic design (with random starts) [12] that samples 20% of the monitoring site with surface searches and excavation. Systematic designs such as this approach are considered efficient for sampling freshwater mussels where populations are expected to be clustered and rare [13] . In Ontario, the protocol has been implemented at more than 40 sites across five rivers. Information collected relevant to recovery efforts includes: locations of species and populations; descriptions of biophysical habitat attributes for different life-stages; population status (i.e., density, size and age structure, sex-ratio); and the presence of invasive species [10, 11] .
Monitoring protocols for imperiled mussels need to provide accurate, precise, and cost-effective information. Given the long-term nature of monitoring objectives, it is important that biologists and resource managers are confident that investments in sampling will provide data that is useful for detecting trends in species distribution and abundance. The application of the protocol has been demonstrated at riverine sites in Pennsylvania and West Virginia (United States) [14, 15] . However, the protocol's performance has not been evaluated for freshwater mussels in more northern, and less productive, rivers. As the likelihood of collecting individuals is a function of local abundance, species detection rates are expected to lower. In this study, we used two datasets to assess the efficacy of the OFMRT protocol at a site level to: (1) detect mussel SAR; (2) characterize species composition; (3) provide accurate estimates of density; and (4) detect long-term changes in density. The effort required to implement monitoring can be reduced by collecting mussels with surface searches at all selected quadrats and only excavating the substrate at a random subset of selected quadrats (i.e., double-sampling, [14] ). However, the approach can be limited by observation bias when only a low percentage (i.e., <40%) of mussels are detected at the surface [14] . Therefore, we also compared the composition of mussel data (species presence and shell length) collected using surface searches and excavation.
Materials and Methods
The first dataset (multi-river dataset) included information from the Ausable, Grand, Maitland, Sydenham, and Thames rivers ( Figure 1 ). Collection data from 40 sites within these rivers were available (Appendix A). Informed by previous timed-search surveys, we located sites in areas of substantial mussel occurrence and diversity [16] (Morris unpublished data). The dataset was used to: (1) evaluate the effectiveness of previous sampling efforts to estimate species richness; (2) evaluate whether density estimates are sufficiently precise to detect future changes; and (3) estimate species detection probabilities. The multi-river dataset was collected following the OFMRT protocol. This protocol is based on a systematic sampling design with three random starts [15, 17] . Each site was delineated into 3 × 5 m blocks (15 m 2 ; Figure 2 ). The number of blocks at a site depended on the extent of suitable mussel habitat; the median number of blocks at each site was 24 (range: 16-31; see Appendix A). Wetted channel widths at sites ranged from 7 to 59 m (median = 21 m). We randomly selected three 1 m 2 quadrats, and the same quadrat locations were sampled in each block. This protocol resulted in sampling 20% of the area of each site. In each quadrat, mussels were initially collected from the surface visually (aided by an underwater viewer) and by touch. Afterwards, the substrate in each quadrat was excavated to a depth of 10-15 cm to improve detection of juveniles and small species. Live mussels were identified to species [2] , and shell lengths were measured. Collection method (at the surface by visual-tactile detection or by excavation) was recorded during sampling of Grand and Maitland river sites. Sampling occurred during the summer low-flow period (mid-June through early September). Two days of sampling effort with a three-person crew was typically required at each site. Each site was sampled only once over the years 2002 to 2013. Although the status of individual species may have changed over 11 years of monitoring, the pooled dataset provided a larger sample size and geographic coverage than if a shorter timeframe was used. The multi-river dataset was collected following the OFMRT protocol. This protocol is based on a systematic sampling design with three random starts [15, 17] . Each site was delineated into 3 × 5 m blocks (15 m 2 ; Figure 2 ). The number of blocks at a site depended on the extent of suitable mussel habitat; the median number of blocks at each site was 24 (range: 16-31; see Appendix A). Wetted channel widths at sites ranged from 7 to 59 m (median = 21 m). We randomly selected three 1 m 2 quadrats, and the same quadrat locations were sampled in each block. This protocol resulted in sampling 20% of the area of each site. In each quadrat, mussels were initially collected from the surface visually (aided by an underwater viewer) and by touch. Afterwards, the substrate in each quadrat was excavated to a depth of 10-15 cm to improve detection of juveniles and small species. Live mussels were identified to species [2] , and shell lengths were measured. Collection method (at the surface by visual-tactile detection or by excavation) was recorded during sampling of Grand and Maitland river sites. Sampling occurred during the summer low-flow period (mid-June through early September). Two days of sampling effort with a three-person crew was typically required at each site. Each site was sampled only once over the years 2002 to 2013. Although the status of individual species may have changed over 11 years of monitoring, the pooled dataset provided a larger sample size and geographic coverage than if a shorter timeframe was used. The second dataset (census dataset) consisted of data from the complete sampling of one 375 m 2 site in each of two streams, Rawdon Creek and the Sydenham River. Rawdon Creek is a tributary of the Trent River, and the census site (44°16′08′′ N; 77°33′12′′ W) was located 17 km north of Trenton. The Trent River drains into Lake Ontario. The mean wetted channel width was 8.3 m and the mean water depth was 0.29 m. The Sydenham River drains into Lake St. Clair, and the census site (42°36′20′′ N; 82°02′40′′ W) was located 11 km east of Dresden. The mean wetted channel width was The Trent River drains into Lake Ontario. The mean wetted channel width was 8.3 m and the mean water depth was 0.29 m. The Sydenham River drains into Lake St. Clair, and the census site (42 • 36 20 N; 82 • 02 40 W) was located 11 km east of Dresden. The mean wetted channel width was 20.0 m and the mean water depth was 0.34 m. Substrate at both sites was a relatively even mix of sand, gravel and cobble. These watercourses represent contrasting densities, species richness, and number of SAR; all of these measures were high in the Sydenham River and lower in Rawdon Creek. Site selection was informed by previous quadrat (Sydenham River) and timed-search (Rawdon Creek) surveys [17, 18] . The second dataset was used to: (1) compare results at the current level of sampling effort (three random starts) with a census dataset; and (2) model the extent to which increased sampling effort could improve mussel population and assemblage estimates.
The census dataset was collected by sampling all 15 quadrats in each block at Rawdon Creek and the Sydenham River; both sites had 25 blocks, yielding a total of 375 quadrats at each site. Mussels were collected using the previously described visual-tactile and excavation methods. Sampling Rawdon Creek took five days with a four to five-person crew, and sampling the Sydenham River took six days with a four to eleven-person crew. Census sampling was conducted at Rawdon Creek between 27 August and 4 September 2013, and at the Sydenham River between 7 and 14 August 2012.
Both datasets were archived in the Lower Great Lakes Unionid Database (Great Lakes Laboratory for Fisheries and Aquatic Sciences, Fisheries, and Oceans Canada).
Data Analysis

Multi-River Dataset
The probability of detecting each species at a site was estimated using the following equation:
where m is the mean number of individuals in a sample (quadrat), n is the number of samples, and e is the base of natural logarithms [19] . By linking species detection to local population size, the equation provided an approach to: (1) evaluate the influence of representative mussel densities on the likelihood of species detection during future sampling at other Ontario river sites; and (2) assess whether mussel SAR are less likely to be detected than other mussel species. The Kolmogorov-Smirnov test [20] was used to test for differences in detection probability between mussel SAR and other mussels. Statistical analyses were completed using PAST version 1.94 [21] .
We evaluated the efficiency of our protocol for estimating species richness by comparing observed species richness (S OBS ) to estimated richness (S EST ) following Chao et al. [22] . S EST provides a non-parametric estimator of total richness (accounting for undetected species) based on the number of rare species in the sample. For each site, S EST was derived using
where Q 1 is the number of singletons (species represented by only one individual in a sample), and Q 2 is the number of doubletons (the number of species represented by exactly two individuals in a sample). Due to a lack of doubletons, S EST could not be calculated for 23% of sites. Accuracy of species richness estimates was further evaluated by calculating: (1) sampling intensity (the total number of individuals sampled divided by the number of species encountered) and (2) the proportion of singletons (number of species represented by one individual divided by total species number) [23] . There is an intuitive connection between singletons and species inventory completeness: the proportion of singletons is expected to decrease with increasing sampling efforts as the true proportion of singletons in the assemblage is approached. High singleton frequencies indicate that species richness is underestimated, likely as a result of under-sampling [24] . Lopez et al. [23] Diversity 2017, 9, 5 5 of 17
proposed that species richness can be reliably estimated from samples with sampling intensities of >50 individuals/species, and less than 14% singletons.
For each species at each site, mussel density and variance were calculated using unbiased estimators developed for systematic sampling designs with multiple random starts [12, 14, 25] . The Mann-Whitney Test was used to test for differences between density estimates for SAR and other species. 90% and 95% confidence intervals (CI) associated with density estimates were calculated to assess the likelihood of the protocol detecting future changes in mussel density [26] . In each case, the minimum percent change in mussel density detectable by the protocol (δ) was calculated as:
where χ 1 is the mussel density and χ 2 is the upper CI value. To be consistent with the Committee on the Status of Endangered Wildlife in Canada assessment process [27] , values of δ were evaluated in regard to listing criteria thresholds of 30%, 50%, and 70% change in future population size. The 90% and 95% CIs represent differing levels of uncertainty associated with these assessments (i.e., p = 0.10 and p = 0.05, respectively); a p = 0.05 is typical of traditional hypothesis testing, but p = 0.10 is recommended for monitoring programs [28] .
Census Dataset
A bootstrap re-sampling procedure (sampling with replacement from the complete dataset and 5000 randomizations) [29, 30] was used to estimate: (1) the probability of detecting an individual species based on three random starts in each block (as applied in the protocol); and (2) the number of random starts required to obtain mussel community data equivalent to the full census. The bootstrap procedure was used to simulate mussel count data associated with 1, 2, 3, . . . , 14 random starts (i.e., number of quadrats sampled within each block). Probabilities were defined as the percentage of randomizations where a species was successfully detected. Equivalence was assessed using the Jaccard (species presence/absence data) and Bray-Curtis (species abundance data) similarity measures [31] . Data were simulated using the Excel Add-in PopTools version 3.2.5 [32] .
The bootstrap method was also used to estimate: (1) the percent difference between mussel density estimates using three random starts and the census count; and (2) the number of random starts required to be within 15%, 10%, and 5% of the census count. We viewed these measures as evaluating the accuracy of estimates. The bootstrap procedure was used to simulate mussel count data associated with 3, 4, 5, . . . , 14 random starts. Mean mussel density and variance were calculated using simulated data and the previously identified estimator for systematic samples. Obtaining accurate parameter estimates can be difficult for populations that exhibit high spatial variability [33] . To characterize the spatial distribution of individuals within each site, the variance to mean ratio was calculated for each species. This ratio is used as an indicator of spatial clustering; values >1 are interpreted as supporting a clumped distribution [34] . Analyses were done using PASSaGE 2.0 [35] .
The Kolmogorov-Smirnov test was used to test for differences in size of mussels collected at the surface and by excavation.
Results
Multi-River Dataset
Thirty-two mussel species were detected across all five rivers. Species richness (S OBS ) at individual sites ranged from 2 to 23 species (Table 1) . Ten SAR were collected, and most of these species were found at less than one-third of sites. The most widespread species were Alasmidonta marginata, Amblema plicata, Lampsilis cardium, Lampsilis fasciola, and Lasmigona costata; only one of these was an SAR (Lampsilis fasciola; Threatened). Mussel density and species richness were greatest in the Ausable and Sydenham rivers ( Figure 3 ). For most species, mean detection probabilities predicted from density estimates were between 0.4 and 0.7. The following species had mean detection probabilities >0.7: Actinonaias ligamentina, Amblema plicata, Cyclonaias tuberculata, Elliptio dilatata, Fusconaia flava, Lasmigona costata, and Quadrula quadrula (status: Threatened) (Table 1) . Overall, detection probabilities were significantly lower for mussel SAR than other species (K-S test: D = 0.017, p = 0.017), but values were similar between these two groups for all but detection probabilities >0.9 ( Figure 4) . For most species, mean detection probabilities predicted from density estimates were between 0.4 and 0.7. The following species had mean detection probabilities >0.7: Actinonaias ligamentina, Amblema plicata, Cyclonaias tuberculata, Elliptio dilatata, Fusconaia flava, Lasmigona costata, and Quadrula quadrula (status: Threatened) (Table 1) . Overall, detection probabilities were significantly lower for mussel SAR than other species (K-S test: D = 0.017, p = 0.017), but values were similar between these two groups for all but detection probabilities >0.9 ( Figure 4) . Comparison of detection probabilities for species at risk (black, n = 10) and not at risk (white, n = 22) mussels found in southern Ontario rivers. Probabilities were estimated using the equation developed by Green and Young [19] , and the multi-river quadrat sampling dataset.
Mean SOBS across all sites was 11.7 (range: 2 to 23), which was 83% of mean SEST (14.1; range: 5.5 to 29.3) (Appendix A). At half the sites, SOBS was within one species of SEST, and it was within two species at 66% of sites. The mean percentage of singletons was 24.5% (range: 0 to 60) and the mean number of individuals per species was 9.4 (range: 1.8 to 24.1). Based on the singleton threshold of Lopez et al. [23] , 70% of samples provided reliable estimates of species richness, but none of the samples met the sampling intensity threshold.
Total (all species) mussel density ranged from to 0.12 to 18.1 m −2 , and most of the high-density sites (>3 m −2 , [36] ) were in the Ausable and Sydenham rivers (Figure 3) . The most abundant species (mean density >0.5 m −2 ) were Amblema plicata, Lasmigona costata, Cyclonaias tuberculate, and Villosa fabilis. Mean densities of 50% of mussel SAR were less than 0.1 m −2 . The mean density of SAR (0.045 m −2 ) was slightly lower than other species (mean = 0.066 m −2 ) (Mann-Whitney Test: U = 2.05, p = 0.037). Seventy-five percent of species density estimates were considered precise (coefficient of variation, CV < 0.3, [25] (Table 1 ). Less precise estimates were associated with low density (<0.09 m −2 ) species, including four SAR (Epioblasma torulosa rangiana, Epioblasma triquetra, Pleurobema sintoxia, and Simpsonaias ambigua), and four other species. All total mussel density estimates were precise (CV ≤ 0.2).
More than 80% of systematic samples from river sites provided data sufficiently precise to detect at least a 30% change in future total mussel density at both significance levels (p = 0.05 or 0.10). For individual species, the detection of ≥50% changes in future density are expected for less than half the samples at both significance levels. Less than one-third of sampling events allowed for the detection of a 30% change in the density of individual species. At both significance levels, detection of future changes in density of any magnitude was 10 to 17% lower for mussel SAR than other species ( Figure 5 ). Comparison of detection probabilities for species at risk (black, n = 10) and not at risk (white, n = 22) mussels found in southern Ontario rivers. Probabilities were estimated using the equation developed by Green and Young [19] , and the multi-river quadrat sampling dataset.
Mean S OBS across all sites was 11.7 (range: 2 to 23), which was 83% of mean S EST (14.1; range: 5.5 to 29.3) (Appendix A). At half the sites, S OBS was within one species of S EST , and it was within two species at 66% of sites. The mean percentage of singletons was 24.5% (range: 0 to 60) and the mean number of individuals per species was 9.4 (range: 1.8 to 24.1). Based on the singleton threshold of Lopez et al. [23] , 70% of samples provided reliable estimates of species richness, but none of the samples met the sampling intensity threshold.
More than 80% of systematic samples from river sites provided data sufficiently precise to detect at least a 30% change in future total mussel density at both significance levels (p = 0.05 or 0.10). For individual species, the detection of ≥50% changes in future density are expected for less than half the samples at both significance levels. Less than one-third of sampling events allowed for the detection of a 30% change in the density of individual species. At both significance levels, detection of future changes in density of any magnitude was 10 to 17% lower for mussel SAR than other species ( Figure 5 
Figure 5.
Comparison of the changes in mussel density (number·m −2 ) predicted to be detectable under two levels of statistical significance for species at risk (black) and not at risk (white).
Percentage was calculated from pooled datasets of individual species density estimates at each site.
At the Grand River, 81% of mussels were collected by excavation, but only 19% were collected from the surface using visual-tactile methods. At the Maitland River, 70% of mussels were collected by excavation, and 30% were collected from the surface. Three species in the Grand River (Alasmidonta viridis, Elliptio dilatata, Pyganodon grandis) and three in the Maitland River (Alasmidonta viridis, Anodontoides ferussacianus, Pyganodon grandis) were detected only by excavation. Mussels collected by excavation were smaller than those detected by visual-tactile searches. Individuals <50 mm were predominantly collected by excavation ( Figure 6 ). Figure 6 . Length-frequency distributions of mussels collected by visual-tactile (white) and excavation (black) methods during quadrat sampling at Grand and Maitland river sites. Comparison of the changes in mussel density (number·m −2 ) predicted to be detectable under two levels of statistical significance for species at risk (black) and not at risk (white). Percentage was calculated from pooled datasets of individual species density estimates at each site.
At the Grand River, 81% of mussels were collected by excavation, but only 19% were collected from the surface using visual-tactile methods. At the Maitland River, 70% of mussels were collected by excavation, and 30% were collected from the surface. Three species in the Grand River (Alasmidonta viridis, Elliptio dilatata, Pyganodon grandis) and three in the Maitland River (Alasmidonta viridis, Anodontoides ferussacianus, Pyganodon grandis) were detected only by excavation. Mussels collected by excavation were smaller than those detected by visual-tactile searches. Individuals <50 mm were predominantly collected by excavation ( Figure 6 ). Comparison of the changes in mussel density (number·m −2 ) predicted to be detectable under two levels of statistical significance for species at risk (black) and not at risk (white).
At the Grand River, 81% of mussels were collected by excavation, but only 19% were collected from the surface using visual-tactile methods. At the Maitland River, 70% of mussels were collected by excavation, and 30% were collected from the surface. Three species in the Grand River (Alasmidonta viridis, Elliptio dilatata, Pyganodon grandis) and three in the Maitland River (Alasmidonta viridis, Anodontoides ferussacianus, Pyganodon grandis) were detected only by excavation. Mussels collected by excavation were smaller than those detected by visual-tactile searches. Individuals <50 mm were predominantly collected by excavation ( Figure 6 ). Figure 6 . Length-frequency distributions of mussels collected by visual-tactile (white) and excavation (black) methods during quadrat sampling at Grand and Maitland river sites. Figure 6 . Length-frequency distributions of mussels collected by visual-tactile (white) and excavation (black) methods during quadrat sampling at Grand and Maitland river sites.
Census Dataset
Rawdon Creek
Mussels were collected from 74% of the 375 quadrats sampled, and >92% of individuals were collected by excavation. Mean total mussel density was 2.3 m −2 ; densities of individual species ranged from <0.1 to 2.0 (Table 2) . Seven species, including one SAR (Villosa iris), were collected. Variance/mean ratios provided statistical support for a clumped spatial distribution for the two most abundant species, Elliptio complanata and Villosa iris were clumped (Elliptio complanata: s 2 /x = 2.5, Chi-square test: p < 0.0001, df = 374; Villosa iris: s 2 /x = 1.3, p < 0.0001, df = 374). No other species showed evidence of spatial clumping, but the power of these tests was low due to small sample sizes.
Most species were collected by both visual-tactile sampling of the surface and excavation methods, but the percentage of individuals (all species) collected by excavation (92.8%) was much higher than by visual-tactile sampling (7.2%). Ninety-two percent of Villosa iris were collected by excavation. The mean lengths of individuals collected using visual-tactile and excavation methods were similar. However, size distributions were significantly different, with excavation yielding more small (<70 mm) individuals than visual-tactile searches (K-S test: D = 0.20, p < 0.0001) (Figure 7 ). Length-frequency distributions of mussels collected by visual-tactile (white) and excavation (black) methods at Rawdon Creek (upper) and Sydenham River (lower) census sites. With three random starts, we estimated the probability of detecting 95% of all species present at the Rawdon Creek site to be only 0.05. The probability of detecting 70% of species present was much greater at 0.79. Compared to the census dataset, simulated data based on three random starts provided a Jaccard similarity index of 0.73. The Jaccard index increased slowly with increasing sample size and reached 0.8 when five quadrats were sampled within each block (Figure 8) . The Bray-Curtis index showed little similarity to the census dataset in species abundance with three random starts (0.33), but increased rapidly with increasing sample size. However, Bray-Curtis similarity ≥0.8 was not reached until 11 quadrats were sampled within each block.
The estimated density of Villosa iris from three random starts (0.03 m −2 ) was 90% lower than density measured in the full census. For other species, estimated (from three random starts) densities were 9% to 72% lower (mean = 54%) than census counts. To be within 15%, 10%, or 5% of full census count of Villosa iris, sampling was predicted to require 6, 9, and 12 random starts. In contrast, three random starts were sufficient to provide estimates of total mussel density and Elliptio complanata density within 8% of that estimated from the full census. The estimated density of Villosa iris from three random starts (0.03 m −2 ) was 90% lower than density measured in the full census. For other species, estimated (from three random starts) densities were 9% to 72% lower (mean = 54%) than census counts. To be within 15%, 10%, or 5% of full census count of Villosa iris, sampling was predicted to require 6, 9, and 12 random starts. In contrast, three random starts were sufficient to provide estimates of total mussel density and Elliptio complanata density within 8% of that estimated from the full census.
Sydenham River
Mussels were collected from all but one of the 375 quadrats, with more than 94% of individuals (and 96% of SAR mussels) collected by excavation. Total mussel density was 16.5 m −2 ; densities of individual species ranged from 0.003 to 7.0 (Table 2) . Twenty-five species (including nine SAR) were 
Mussels were collected from all but one of the 375 quadrats, with more than 94% of individuals (and 96% of SAR mussels) collected by excavation. Total mussel density was 16.5 m −2 ; densities of individual species ranged from 0.003 to 7.0 (Table 2) . Twenty-five species (including nine SAR) were collected. Variance/mean ratios provided statistical support for a clumped spatial distribution for 14 species (Chi-square test: P range: <0.0001 to 0.039, df = 374). The variance/mean ratio was highest for Cyclonaias tuberculata, Lasmigona costata, and Truncilla donaciformis. In general, species with statistical support for clumping were the most abundant species. Mussel SAR were found in 83% quadrats sampled but only represented 14% of individuals collected.
Nine species (including four SAR species) were detected only by excavation. Mean length of mussels collected by excavation was significantly lower than visual-tactile methods (K-S test: D = 0.39, p < 0.0001). A greater number of small and juvenile mussels (<90 mm) were collected by excavation (Figure 7) .
With three random starts, the estimated probability of detecting 95% of all species present was only 0.12. The probability of detecting 85% of all species present was much higher (0.93). Individually, 78% of mussel species (including six SAR) were predicted to be detected with three random starts. Probability of detection was lower for three other SAR (Truncilla donaciformis, Obovaria subrotunda, and Simpsonaias ambigua) but could be improved to varying extents with greater sampling intensity ( Figure 9 ). Simulated data based on three random starts provided a Jaccard similarity index similar to the full census dataset (0.88). The Bray-Curtis index showed little similarity to the census dataset in species abundance when only three quadrats in each block were sampled (0.33), but increased rapidly with increasing sample size. However, Bray-Curtis similarity ≥0.8 was not reached until 11 quadrats were sampled within each block.
Diversity 2017, 9, 5 13 of 18 0.39, p < 0.0001). A greater number of small and juvenile mussels (<90 mm) were collected by excavation ( Figure 7) . With three random starts, the estimated probability of detecting 95% of all species present was only 0.12. The probability of detecting 85% of all species present was much higher (0.93). Individually, 78% of mussel species (including six SAR) were predicted to be detected with three random starts. Probability of detection was lower for three other SAR (Truncilla donaciformis, Obovaria subrotunda, and Simpsonaias ambigua) but could be improved to varying extents with greater sampling intensity (Figure 9 ). Simulated data based on three random starts provided a Jaccard similarity index similar to the full census dataset (0.88). The Bray-Curtis index showed little similarity to the census dataset in species abundance when only three quadrats in each block were sampled (0.33), but increased rapidly with increasing sample size. However, Bray-Curtis similarity ≥0.8 was not reached until 11 quadrats were sampled within each block. Relationships between sampling effort (number of random starts in each block) and probability of detection (Pdetection) for three mussel species at risk occurring at low density (≤0.02 m −2 ) at the Sydenham River census site. For SAR mussels, the mean percent difference between estimated and census population density was 49%. For other species, the difference was lower at 39%. To be within 15%, 10%, and 5% of full census density estimates for individual species, sampling is predicted to require two, three, and four times the current effort. In contrast, three random starts resulted in total mussel density estimates within 10% of full census value.
Discussion
Our results indicate that the systematic, 1 m 2 quadrat-based sampling protocol can be expected to: (1) detect >80% of mussel species present at a monitoring station; and (2) provide accurate and precise estimates of total mussel density that are suitable for population monitoring. The protocol is also likely to support monitoring objectives for detecting small changes in the density (30%) of relatively abundant species, including some SAR such as Quadrula quadrula and Villosa fabilis. However, rare species (i.e., densities < 0.1 m −2 ) cannot be detected reliably, and the protocol is only expected to allow for detection of extreme changes in density (70%) for about 35% of SAR and slightly more than 50% of other species. Detection of all species present at a site and detection of small changes in density of individual species will require substantially greater sampling effort (up to 12 random starts or 80% of the site). It may also require the application of different sampling designs such as adaptive cluster sampling [37] . The difficulty and expense required to collect accurate and precise density estimates is well recognized [38, 39] , especially for populations of rare species [40] . Relationships between sampling effort (number of random starts in each block) and probability of detection (P detection ) for three mussel species at risk occurring at low density (≤0.02 m −2 ) at the Sydenham River census site. For SAR mussels, the mean percent difference between estimated and census population density was 49%. For other species, the difference was lower at 39%. To be within 15%, 10%, and 5% of full census density estimates for individual species, sampling is predicted to require two, three, and four times the current effort. In contrast, three random starts resulted in total mussel density estimates within 10% of full census value.
Our results indicate that the systematic, 1 m 2 quadrat-based sampling protocol can be expected to: (1) detect >80% of mussel species present at a monitoring station; and (2) provide accurate and precise estimates of total mussel density that are suitable for population monitoring. The protocol is also likely to support monitoring objectives for detecting small changes in the density (30%) of relatively abundant species, including some SAR such as Quadrula quadrula and Villosa fabilis. However, rare species (i.e., densities < 0.1 m −2 ) cannot be detected reliably, and the protocol is only expected to allow for detection of extreme changes in density (70%) for about 35% of SAR and slightly more than 50% of other species. Detection of all species present at a site and detection of small changes in density of individual species will require substantially greater sampling effort (up to 12 random starts or 80% of the site). It may also require the application of different sampling designs such as adaptive cluster sampling [37] . The difficulty and expense required to collect accurate and precise density estimates is well recognized [38, 39] , especially for populations of rare species [40] .
The consistent detection of freshwater mussels is challenging, because mussels are spatially clustered and cryptic, and many species are rare [41] . Timed search surveys are considered more efficient than quadrat sampling for detecting rare species (e.g., [7, [42] [43] [44] ). Visual-tactile timed searches are less labor-intensive than quadrat sampling, and this allows sampling a wider variety of habitats, a larger number of sites, and a greater number of individuals, all of which can improve species detection. Our results support the importance of excavation for improving species detection as reported by previous studies [14, 40, 45] . Excavation during quadrat sampling greatly improved the detection of mussel species (including several mussel SAR species). It was also essential for the detection of small individuals and to accurately estimate density. The importance of excavating to detect small individuals is also in agreement with other studies undertaken in eastern North American rivers [14, 40, 45] . It is uncertain whether gains in spatial coverage or number of sampling sites associated with less time-consuming timed searches can offset poor detectability associated with some species, seasons, or the low-densities characteristic of mussel populations in Ontario rivers. Repeated timed searches could improve detection if burrowed individuals of previously undetected species move to the surface. Repeat sampling data could also be used to develop an occupancy-based monitoring program that explicitly accounts for imperfect species detection [46] . Alternatively, double sampling approaches that combine timed searches along river reaches to identify mussel aggregations with excavation might provide a balance between improved species detection and greater cost [25, 40] .
Census datasets, in combination with simulation approaches, can help to inform the design of freshwater mussel population monitoring programs. A census dataset from the Capacon River (West Virginia) was used to explore gains in efficiency associated with different quadrat sizes, sampling efforts, and sampling strategies [15, 25, 47] . In this study, our two census sites differed in species richness, mussel density, and patterns of spatial distribution. However, both datasets identified: (1) large differences in the size of mussels collected by visual-tactile and excavation methods; and (2) large biases in the characterization of mussel assemblages using species count data obtained with three random starts. In both cases, simulations indicate that large increases in sampling effort (i.e., number of random starts) are required to improve the accuracy of data collection. The two census datasets could be used in future research to explore whether adaptive clustering sampling [33] can improve mussel population data accuracy and precision in a more cost-effective manner. The low percentage of mussels detected at the surface of census sites, however, indicates that more efficient double-sampling designs (where only a subset of quadrats are excavated) are not suitable for low-density populations typical of Ontario river sites.
Over the past decade, a network of permanent monitoring stations has been established across southwestern Ontario to monitor mussel SAR populations, habitats, and threats. The OFMRT protocol was designed to monitor SAR density at individual stations. However, monitoring data from these stations are being used to infer status and trends at the population (i.e., within watersheds) and species (i.e., across Ontario) levels. For example, species status assessments use density estimates from individual stations along with the known distribution in a river to estimate total adult population size (e.g., [48] ). This practice is not recommended for the following reasons. First, our results show that substantially more sampling effort is required to reliably detect rare species and generate accurate and precise population estimates. Second, the network was not established using a statistical-based design (i.e., using random site selection) or with the stated objective to generate population-level estimates for individual species. Instead, site selection was based on prior knowledge of the location of dense and diverse mussel aggregations and SAR occurrence, and the goal of distributing sites across southwestern Ontario. Data collection is also spatially unbalanced; some rivers (e.g., Sydenham River) have a much greater density of monitoring stations than others. Consequently, estimates of total population size based on outstanding assemblages are likely biased and high, which could lead to inappropriate conservation decisions.
Our evaluation of the OFMRT protocol suggests needed improvements in monitoring the status of Ontario mussel SAR. At monitoring stations, sampling efforts need to be increased in order to consistently detect rare species, precisely estimate population densities, and to allow detection of small-moderate changes in density. However, the level of effort necessary to achieve these objectives likely exceeds available resources. Given these limitations, the scope and design of the monitoring protocol may require more fundamental revision. Due to the low densities of most species, the current design is best suited for monitoring trends in the overall density and species diversity of mussel beds. A statistical-based design has been implemented to sample mussels at each monitoring site. However, the design (i.e., number and location of stations) of the overall monitoring network needs to incorporate random site selection if population-level parameters are to be estimated, and if inferences over larger spatial scales are desired [25] . Two-phase sampling strategies successfully applied in Pennsylvania [45] and West Virginia [37] could provide such an approach.
